Introduction

!
Gaucher disease is an autosomal recessive, lysosomal storage disorder, which is caused by the abnormal activity of the lysosomal hydrolase-β-glucosidase, leading to the accumulation of glucocerebroside (glucosylceramides) in the lysosomes of the macrophages, the so-called "Gaucher cells" [1] . Those cells accumulate especially in the bone marrow, the spleen and the liver. Gaucher disease has traditionally been divided into three clinical subtypes [2] : neuropathic types 2 and 3 and non-neuropathic type 1, which is most common. Typical clinical findings are hepatosplenomegaly, pancytopenia, hypermetabolism and severe pain on movement. The osseous involvement, causing skeletal pain, corresponds to the infiltration of Gaucher cells into the bone marrow.
Bone marrow involvement ( • " Fig. 1 ) may result in diffuse osseous changes, such as osteopenia and focal lesions such as lytic zones, osteonecrosis, bone infarction or long bone deformity (Erlenmeyer flask deformity). Before enzyme replacement therapy (ERT) was established in the 1990 s, patients were only clinically controlled and treated with regard to their symptoms [3] . In our university hospital the dosage of enzyme replacement therapy (ERT) is monitored and if necessary adjusted according to the laboratory findings, especially the increase of chitotriosidase [2] . Furthermore, the individually adapted ERT dosage depends on the grading of bone MR-Scores bei jungen Gaucher-Patienten weisen möglicherweise auf eine verzögerte Fettmarkkonvertierung des jungen Knochenmarks hin. The aim of our data analysis was to evaluate whole-body magnetic resonance imaging (MRI) as an imaging and monitoring tool for the detection of typical osseous changes in patients suffering from Gaucher disease type1, and to quantify the bone marrow infiltration in patients on long-term ERT using different MRI score systems. In contrast to other studies known in the literature, we wanted to retrospectively evaluate the long-term outcome of pediatric patients treated early with treatment initiation before the age of 10 years, in contrast to an adult patient group, in which treatment initiation with ERT started much later in life.
Patients and Methods
!
Whole-body MRI in 38 patients (21 female, 17 male, aged 15 -77 years) with confirmed Gaucher disease type 1 were retrospectively analyzed. Therefore, the patient collective was divided into two subgroups with 19 patients each:
▶ Group A (10 female, 9 male, aged 15 -29 years; mean age: 22 years) was initially diagnosed at an average age of six years.
▶ Group B (11 female, 8 male, aged 29 -77 years; mean age: 49 years), suffering from severe bone marrow disease, was initially diagnosed at an average age of 27 years. For enzyme replacement therapy (ERT) all patients were treated with alglucerase (Ceredase ® , Genzyme Corporation, Cambridge, MA) or imiglucerase (Cerezyme ® , Genzyme Corporation, Cambridge, MA) for at least 12.5 years. All patients received individually adapted doses every second week. 7 patients (1 in group A; 6 in group B) switched from imiglucerase to velaglucerase (VPRIV ® ) therapy during the last 4 years of ERT treatment. Before the change in treatment, those 7 patients received alglucerase or imiglucerase for an average time of 14 years. Whole-body MRI examinations were performed in 38 patients on a 1.5 Tesla MRI scanner (Magnetom Avanto, 1.5 T, Siemens, Erlangen Germany) using a standard MRI protocol. Coronal STIR and T1-TSE sequences were used for whole-body imaging and sagittal TIRM, T2-TSE and T1-TSE sequences for the evaluation of the lumbar spine. The following sequence parameters were applied: 1. Coronal TIRM: TR 5370 -10.400 ms, TE 57 ms, TI 160 ms, slice thickness 6 mm, slice gap 10 mm, flip angle 150°, FOV 450 mm, scan matrix 384, reconstruction matrix 512, 12 min and 26 s duration. 2. Coronal T1-TSE: TR 486 ms, TE 9.5 ms, slice thickness 6 mm, slice gap 10 mm, flip angle 150°, FOV 450 mm, scan matrix 448, reconstruction matrix 512, 13 min and 33 s duration. 3. Sagittal TIRM: TR 3500 ms, TE 37 ms, TI 160 ms, slice thickness 4 mm, slice gap 10 mm, flip angle 150°, FOV 300 mm, scan matrix 320, reconstruction matrix 512, 3 min and 49 s duration. 4. Sagittal T2-TSE: TR 3500 ms, TE 91 ms, slice thickness 4 mm, slice gap 10 mm, flip angle 150°, FOV 300 mm, scan matrix 512, reconstruction matrix 512, 2 min and 18 s duration. 5. Sagittal T1-TSE: TR 767 ms, TE 11 ms, slice thickness 4 mm, slice gap 10 mm, flip angle 150°, FOV 300 mm, scan matrix 512, reconstruction matrix 512, 3 min and 12 s duration. All MR images were assessed by two experienced radiologists in consensus. The whole-body MR images were evaluated regarding the presence of diffuse or focal bone lesions (osteonecrosis, bone infarction, lytic zones) of the lower extremities (femora, tibiae, epiphyses, femoral heads) and the humerus. For the quantification of the bone marrow infiltration by Gaucher cells, the following semi-quantitative scoring systems were used:
▶ The bone marrow burden score (BMB), adopted by Maas et al.
[4], indirectly evaluates the bone marrow infiltration of Gaucher cells in the femora and the lumbar spine by means of a visual interpretation of signal intensity. ▶ The vertebra disc ratio score (VDR) by Vlieger et. al.
[6] evaluates the average signal intensity ratio of the L3 vertebra in relation to the healthy L3 / L4 disc on T1-weighted images. 
Results
!
Osseous lesions were found in a total of 7 patients, all belonging to group B. 4 of these patients showed more than one osseous lesion located in the tibial diaphysis and metaphysis (5x), the proximal/distal tibial epiphyses (1x), the femoral diaphysis and metaphysis (5x), the distal femoral epiphysis (2x), and the femoral head (3x). Humeral involvement was detected in 2 patients. 3 patients had visceral involvement (gaucheroma -spleen, liver).
BMB score:
For all evaluated patients, the BMB score median was 8.00 (group A: 7.00; group B: 9.00). The BMB score median for the lumbar spine was 4.00 in both groups and for the femora 3.00 in group A and 4.00 in group B. This means that the BMB score for group A is definitely on the moderate level, whereas the BMB score for group B is at the threshold to the severe level (low level: 0 -4; moderate: 5 -8; high: 9 -15).
DGS score:
For all patients the median is 3.00 (group A: 4.00; group B: 3.00). For both groups the DGS score is therefore within the lower level (0 -5). 7 group B patients displayed a B-pattern in the DGS, meaning heterogeneous bone marrow infiltration ( • " Fig. 2 ).
VDR score:
For all patients the median VDR score is 1.54 (group A: 1.54; group B: 1.62), which is concordant with a long-treated patient (1.70 ± 0.33). In group A the VDR scores indicated normal values in 4 patients ( • " Fig. 3) , VDR values equivalent to long-treated patients in 7 cases and VDR values equivalent to untreated patients in 8 cases. In group B 4 patients showed normal VDR values, 9 patients had VDR scores of long-treated patients and 6 patients revealed VDR values equivalent to untreated patients ( • " Fig. 3 ).
GD-DS score:
For all patients, the median GD-DS score was 2.0 with the BMB score included (group A: 1.6; group B: 3.9) and with the BMB score excluded 0.50 (group A: 0.0; group B: 2.50). For both groups, there was a high statistical significance in the GD-DS3 score (p = 0.000) regardless of whether the BMB score is excluded or included. All differences between the groups were analyzed by the non-parametric Mann-Whitney-U test with the result being that no statistical significance was found in the objective scoring systems (BMB score: p = 0.070; DGS: p = 0.062; VDR score: p = 0.267) ( • " Table 2 ).
Discussion
!
Gaucher disease is a rare lysosomal disorder, which has been able to be successfully treated with ERT for approximately 20 years. Previous studies demonstrated that ERT administered to adult patients reduces liver and spleen volume as well as abnormal bone infiltration, which subsequently results in fewer clinical symptoms [8 -10] . Today Gaucher disease is diagnosed in early childhood and it is of vital importance to establish effective ERT especially at this early stage of the disease. As a result, rapid progress of the disease, which leads to retarded growth and delayed puberty in about 50 % of the affected children, can be prevented [11, 12] . Our analysis included only patients with confirmed Gaucher type 1 disease and concentrated on the analysis of bone marrow involvement in patients diagnosed early with ERT starting immediately after diagnosis (group A). We compared these patients with an adult Gaucher type 1 group, which was also treated with longterm ERT, but with a later beginning of treatment at an adult stage (group B). Fig. 2 DGS score evaluation. a1 19 yrs. , male, group A. DGS score: 1.00; A-pattern (coronal TIRM sequence); a2 coronal T1 sequence same patient. b1 50 yrs., female, group B. DGS score: 3.00; B-pattern (coronal TIRM sequence); b2 coronal T1 sequence same patient. Group A showed no typical osseous Gaucher complications, such as osteonecrosis or bone infarction, but moderate pathologic MRI values in the BMB, DGS and VDR scores. Adult group B displayed major skeletal involvement and moderate to severe pathologic MRI score values. This indicates that early ERT is important for the prevention of osseous complications and irreversible skeletal damage. With the beginning of long-time ERT, it was essential to find a widely applicable, reliable method to assess skeletal complications (i. e., infarctions, focal lesions, bone marrow conversion) in Gaucher disease. As widely known, MRI is the most sensitive method for detecting bone marrow infiltration in various diseases. Furthermore, many MRI-based quantitative measurement methods for the evaluation of bone marrow infiltration in Gaucher patients were established, for example, nuclear magnetic resonance spectroscopy, with T1 relaxation time calculations, or DIXON quantitative chemical shift imaging (DIXON-QCSI) . The DIXON-QSCI technique [8, 13] directly measures the medullar fat fraction [14, 15] . However, compared to whole-body MRI, Dixon QCSI is not included in the standard packages of sequences on MR scanners and there are only a few centers in Europe, like AMC in Amsterdam, the Netherlands) offering this technique [14, 16, 17] . Until now, the only clinical whole-body MRI study in a cohort of Gaucher patients was presented by Poll et al. [18] dealing with the bone marrow involvement of the lumbar spine, the lower extremities and the humeral bones. For the evaluation of the BMB, DGS, VDR scores, our patient collective was subdivided into two groups. Those secondary semiquantitative score systems can be applied almost simultaneously with the whole-body MRI examination. Previous studies proved those score systems to be reliable regarding the assessment of osseous involvement and bone marrow alterations in adults under ERT. The study by The DGS and VDR scores were used in several other studies [5, 6, 19] and both score systems showed viability for radiological follow-up of bone marrow infiltration in Gaucher disease. In our study, all objective MRI score systems did not demonstrate statistical significance in the Mann-Whitney-U Test between the examined groups. Our practical experience shows us that the BMB and the DGS scores are especially useful for patients with characteristic Gaucher symptoms under long-term ERT, especially in order to document bone marrow changes in the lower extremities in long-term follow-ups. For group B, a weak statistical correlation was found between the B-pattern and a higher risk for typical Gaucher bone complications. However, the usefulness of these score systems was not confirmed for all patient collectives. The clinical status of group A patients is not congruent with the score system outcomes. But why do the results from the semi-quantitative MRI score systems of early treated group A patients diverge greatly from their actual clinical status? At this point, it is of vital importance to define in MRI what normal bone marrow morphology is in a population of young, healthy subjects in comparison to young Gaucher patients treated early without any clinical signs. Due to the high amount of red bone marrow in young healthy subjects, the MRI signal characteristics are identical when compared to young Gaucher disease patients. With regard to the applied MR field strength of 1.5 Tesla in our study, we do not believe that the use of a 3 Tesla MR system would have changed the results of the presented MR score findings in our Gaucher patients. Although the signal-to-noise ratio is higher for 3 Tesla MR scanners compared to 1.5 Tesla MRI sys- tems, the used MRI scores are not affected due to the measurement of signal characteristics within the same image. Statistical significance in the non-parametric Mann-Whitney-U test was, however, found in the clinical GD-DS3 score in both study groups, even if the GD-DS3 included the objective parameters of the BMB score. This means that the clinical relevance and usefulness of this score is given for both groups. Therefore, we consider that the GD-DS3 score is valuable for the routine diagnostics of Gaucher disease.
Compared to other studies, our present study revealed similar results for the MRI score systems as described before. For example, the study by Maas et al.
[4] demonstrated a maximum improvement of 9 points in the BMB score in Gaucher patients under ERT. The study by Robertson et al. [20] revealed that the BMB score assesses the degree of skeletal involvement. Both studies [4, 20] confirmed the BMB score to be an optimal follow-up bone marrow response parameter in adult Gaucher patients. A previous study by Poll et al. [18] demonstrated that a high DGS or B-pattern morphology significantly correlates with avascular necrosis or other bone complications. The VDR score is especially valuable for longitudinal follow-up studies of bone marrow measurements [6] . However, the VDR interpretation is subject to specific difficulties, arising from the influences of age and daily fluctuations in the water content of the intervertebral disk [20, 22, 23] . It can be stated that the VDR interpretation shows better reliability for younger patients, because they do not suffer from vertebral disk degeneration as seen in older patients.
Conclusion
! Whole-body MRI is a recommendable method to assess Gaucher cell bone marrow infiltration especially in adult Gaucher patients. Our whole-body MRI analysis demonstrated that young Gaucher patients on long-term ERT who were diagnosed and treated early showed no typical osseous complications. In the case of a good response to treatment, de-escalation therapy was conducted implying a reduction of the ERT doses. The moderate pathologic MRI score values in the BMB, DGS and VDR score systems, found in the young Gaucher patient group, are similar to the known MRI signal characteristics of bone marrow in healthy young subjects and do not reflect the extent of bone involvement in Gaucher disease. Obviously, due to the high amount of red bone marrow in young Gaucher patients, the current MRI score systems are not suitable for this patient cohort, so that we propose that they have to be adjusted. Further MRI studies will try to define how normal bone marrow morphology in a young, healthy population can be differentiated from a young Gaucher patient treated early without any clinical symptoms.
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